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The tight relationship between the masses of black holes and galaxy spheroids in nearby galaxies1
implies a causal connection between the growth of these two components. Optically luminous quasars
host the most prodigious accreting black holes in the Universe and can account for >∼ 30 % of the
total cosmological black-hole growth2,3. As typical quasars are not, however, undergoing intense star
formation and already host massive black holes (> 108 M⊙)
4,5, there must have been an earlier pre-
quasar phase when these black holes grew (mass range ≈ 106–108 M⊙). The likely signature of this
earlier stage is simultaneous black-hole growth and star formation in distant (i.e., z > 1; > 8 billion light
years away) luminous galaxies. Here we report ultra-deep X-ray observations of distant star-forming
galaxies that are bright at submillimetre wavelengths. We find that the black holes in these galaxies
are growing almost continuously throughout periods of intense star formation. This activity appears
to be more tightly associated with these galaxies than any other coeval galaxy populations. We show
that the black-hole growth from these galaxies is consistent with that expected for the pre-quasar
phase.
The most intense sites of star formation at high
redshift are associated with submillimetre galaxies
(SMGs)6−9. SMGs are amongst the most bolometrically
luminous galaxies in the Universe (LBOL ≈ 10
13 L⊙) and
the majority of the population is coeval with the peak in
quasar activity (i.e., z ≈ 1.5–3.0)7,9. The apparent associ-
ation of SMGs with some quasars and the similarity in the
comoving space densities of SMGs and optically luminous
(MB < −24) quasars (when corrected for probable source
lifetimes) provides direct evidence for an evolutionary con-
nection between SMGs and quasars5,10,11. However, in
contrast to quasars, the bolometric output of SMGs ap-
pears to be dominated by powerful star-formation ac-
tivity and any black-hole accretion [i.e., Active Galac-
tic Nuclei (AGN) activity] is comparatively weak12,13.
Given the large available molecular gas supply (typi-
cally ≈ 3 × 1010 M⊙)
14, SMGs can fuel this luminous
star-formation activity for ≈ 108 yrs (ref 14,15). Vari-
ous pieces of complementary observational support have
also shown that SMGs are massive galaxies (typically
≈ 1011 M⊙), suggesting that they will become >∼M∗
spheroid-dominated galaxies in the local Universe14,16,17.
AGN activity has been identified in many SMGs6,12.
However, the difficulty in obtaining high-quality optical
spectra and reliable source redshifts has hindered a com-
plete census of AGN activity in SMGs. We have initiated
a project investigating the properties of AGNs in SMGs
using deep optical spectroscopic data (obtained with the
10-m Keck telescope)9 and ultra-deep X-ray observations
(the 2 Ms Chandra Deep Field-North; CDF-N)18. As
X-ray emission appears to be an ubiquitous property of
AGNs that is comparatively impervious to obscuration,
the combination of these deep datasets provides a detailed
census of AGN activity in SMGs. Here we focus on the
role of black-hole accretion in SMGs and the growth of
black holes in massive galaxies. The assumed cosmology
is H0 = 65 km s
−1 Mpc−1, ΩM = 1/3, and ΩΛ = 2/3.
The parent SMG sample comprises 20 submillimetre
detected (with the SCUBA camera on the James Clerk
Maxwell Telescope) sources in the CDF-N region whose
positions have been reliably located from their radio emis-
sion and which could then be spectroscopically targeted9.
These sources have overall properties consistent with
the general SMG population (S850µm ≈ 4–12 mJy and
z = 0.56–2.91, with the majority at z > 2)6−9. Seventeen
(≈ 85%) of the 20 SMGs are detected at X-ray energies. A
detailed investigation of the nature of the X-ray emission
has revealed AGN activity in at least 15 (≈ 75%) SMGs19;
the properties of these sources are given in Table 1. The
X-ray properties of the other 5 (≈ 25%) SMGs are con-
sistent with those expected from luminous star-formation
2Figure 1. Black-hole mass accretion rates. SMGs (filled
circles), and a comparison sample of MB < −24 quasars
(dots) are shown4. The error bars represent the estimated
uncertainty in the X-ray to bolometric correction for AGN
activity in SMGs; see Table 1. The solid and dashed
curves indicate the median and interquartile ranges for
the comparison quasar sample. The dotted line indicates
the approximate Eddington-limited mass accretion rate
for an ≈ 108 M⊙ black hole (MBH(Edd)). The SMGs have
mass accretion rates approximately an order of magnitude
lower than those of coeval quasars4, suggesting that their
black holes are smaller (typically ≈ 107–108 M⊙); see text
for additional black-hole mass constraints.
activity, but we note that at least one shows evidence for
AGN activity at near-infrared wavelengths16.
Two different observing modes were used in construct-
ing the SMG sample: 14 of the radio sources were specif-
ically targeted with SCUBA observations and 6 of the
radio sources were detected in blank-field SCUBA maps.
Although targeting known radio sources with SCUBA ob-
servations could potentially bias our AGN fraction owing
to contributions to the radio emission from AGN activ-
ity, a statistical analysis does not reveal a strong AGN
bias in our sample (P=1.0, two-sided Fisher’s exact test);
see Table 1 for the observing modes of the X-ray classi-
fied AGNs. However, due to the large positional uncer-
tainties of SCUBA sources (≈ 6–7 arcseconds), redshifts
could not be obtained for the ≈ 35–50% of the radio-
undetected SMG population, some of which might host
AGN activity6,9. Making the conservative assumption
that none of the radio-undetected SMGs hosts AGN ac-
tivity, our X-ray data alone suggest an AGN fraction in
the SMG population of > 38+12
−10%. We note that a similar
fraction of comparably luminous galaxies in the local Uni-
verse host AGN activity22, although their space density is
approximately 3 orders of magnitude smaller than SMGs.
The large AGN fraction in the SMG population indi-
cates that their black holes are growing almost continu-
ously throughout the intense star-formation phase of these
galaxies [i.e., assuming that all SMGs are growing their
black holes, the AGN duty cycle is > 38+12
−10%]. This sug-
gests that the black holes and galaxy spheroids are grow-
ing concordantly in SMGs1. Such a close association be-
tween AGN and star-formation activity is not seen in the
coeval field galaxy population or other coeval star-forming
galaxy populations (≈ 3–15% AGN fraction)23,24. The al-
most continuous black-hole growth in SMGs suggests that
there is an abundance of available fuel, hinting that the
accretion may be occurring efficiently (i.e., at or close to
the Eddington limit), as predicted by theoretical studies
of the growth of massive black holes25−27. The majority
(≈ 85%) of the AGNs are obscured (see Table 1), as also
predicted for black holes undergoing efficient growth25.
The unobscured X-ray luminosities of the AGNs (LX ≈
1043–1044 erg s−1) suggest that the mass accretion rates
are modest ( <∼ 1M⊙ yr
−1); see Table 1 and Figure 1. By
comparison to coeval quasars, the mass accretion rates in
SMGs are approximately an order of magnitude lower,
also suggesting modest black-hole masses (i.e., ≈ 107–
108 M⊙; see Table 1 and Figure 1). Although these black-
hole mass estimates are uncertain, the narrowness of the
broad emission lines (BELs; typical full-width half maxi-
mum velocities of ≈ 2500 km s−1)16, when they are visible,
also suggest black-hole masses of < 108 M⊙ (ref 4). As
well-studied AGNs with narrow BELs are found to be ac-
creting at (or even beyond) the Eddington limit4, this pro-
vides further support for the idea that the mass accretion
rate in SMGs is approximately Eddington limited. Under
the assumption of Eddington-limited accretion, the black
holes in the SMGs will grow by up to an order of mag-
nitude over their ≈ 108 yr star-formation lifetime. These
overall properties are consistent with those expected for
massive galaxies undergoing rapid black-hole growth.
The total black-hole growth from SMGs can be cal-
culated by integrating the average accretion density over
the SMG redshift range; see Figure 2. Over the redshift
interval z = 1.8–3.0 (corresponding to 80% of the SMGs
studied here), the black-hole density produced by SMGs
is ≈ 6+11
−4 × 10
3 M⊙ Mpc
−3. To put this quantity into
context we need to compare it to the black-hole growth
from coeval quasar activity. Considering only quasars in
the luminosity range ofMB = –24 to –27 (the majority of
which reside in >∼M∗ spheroid-dominated galaxies
28 and
have the properties consistent with being the progeny of
SMGs5), the total SMG black-hole density is ≈ 13+27
−9 % of
the black-hole growth from quasar activity2. These con-
straints should be considered lower limits since further
pre-quasar growth at z = 1.8–3.0 may be produced by
3radio-undetected SMGs and galaxies with fainter submil-
limetre fluxes, if they host AGN activity. However, these
results are consistent with, for example, SMGs undergo-
ing an intense black-hole growth phase, where the black
hole is grown from ≈ 107 to ≈ 108 M⊙, prior to a high
accretion-rate quasar phase, where the black hole is grown
from ≈ 108 to ≈ 8 × 108 M⊙. In this scenario, although
SMGs do not produce a large fraction of the cosmologi-
cal black-hole density, they are responsible for the crucial
pre-quasar phase where the black holes in massive galax-
ies are rapidly grown. Indeed, the total black-hole growth
from SMGs could only exceed that from quasar activity if
the quasar lifetime is insufficient to double the mass of the
black hole (i.e., < 3×107 yrs assuming Eddington-limited
accretion). Overall, this picture is in good agreement with
direct theoretical predictions of the black-hole growth of
SMGs and quasars26,27.
What was the catalyst for the rapid black hole and
stellar growth seen in SMGs? Rest-frame ultra-violet im-
ages taken by the Hubble Space Telescope have shown
that a considerably larger fraction of SMGs are in ma-
jor mergers (i.e., the merging of two galaxies of compa-
rable masses) than has been found in the coeval galaxy
population17,29. Hydrodynamical simulations have shown
that major mergers can efficiently transport material to-
ward the central regions of galaxies, providing an effective
mechanism to trigger nuclear star formation and fuel the
black hole30. The result of these major mergers is thought
to be massive spheroid-dominated galaxies. Ultra-deep X-
ray observations of SMGs undergoing major mergers have
shown that AGN activity can be ongoing in both galactic
components12. Presumably in these major-merger events
the black holes will eventually coalesce, further increasing
the mass of the black hole in the resultant galaxy.
Received 12 October 2004; Accepted 11 February 2005.
1. Tremaine, S., et al. The Slope of the Black Hole Mass
versus Velocity Dispersion Correlation, Astrophys. J., 574,
740–753 (2002).
2. Yu, Q. & Tremaine, S. Observational constraints on the
growth of massive black holes, Mon. Not. R. Astron. Soc.,
335, 965–976 (2002).
3. Barger, A.J., Cowie, L.L., Mushotzky, R.F., Yang, Y.,
Wang, W.-H., Steffen, A.T., & Capak, P. The Cosmic
Evolution of Hard X-ray Selected Active Galactic Nuclei,
Astron. J., 129, 578–609 (2005).
4. McLure, R.J. & Dunlop, J.S. The cosmological evolution
of quasar black hole masses, Mon. Not. R. Astron. Soc.,
352, 1390–1404 (2004).
5. Page, M.J., Stevens, J.A., Ivison, R.J., & Carrera, F.J.
The Evolutionary Sequence of Active Galactic Nuclei and
Galaxy Formation Revealed, Astrophys. J., 611, L85–L88
(2004).
6. Smail, I., Ivison, R.J., Blain, A.W., & Kneib, J.-P. The
nature of faint submillimetre-selected galaxies, Mon. Not.
R. Astron. Soc., 331, 495–520 (2002).
Figure 2. Cosmological black-hole accretion density.
SMGs (filled circle), and MB = –24 to –27 quasars (solid
line)2 are shown. Error bars in the x-axis direction in-
dicate the redshift range and error bars in the y-axis di-
rection represent 1σ Poisson counting uncertainties. The
shaded region indicates the uncertainty in the mass ac-
cretion rate conversion for the SMGs; see Table 1. The
mass accretion density from SMGs is ≈ 13+27
−9 % of that
produced by coeval MB = –24 to –27 quasar activity over
the redshift interval z = 1.8–3.0.
7. Chapman, S.C., Blain, A.W., Ivison, R.J., & Smail, I.R. A
median redshift of 2.4 for galaxies bright at submillimetre
wavelengths, Nature, 422, 695–698 (2003).
8. Hughes, D.H., et al. High-redshift star formation in the
Hubble Deep Field revealed by a submillimetre-wavelength
survey, Nature, 394, 241–247 (1998).
9. Chapman, S.C., Blain, A.W., Smail, I.R., & Ivison, R.J.
A redshift survey of the submillimeter galaxy population,
Astrophys. J., 622, 2–26 (2005).
10. Stevens, J.A., Page, M.J., Ivison, R.J., Smail, I., &
Carrera, F.J. A Filamentary Structure of Massive Star-
forming Galaxies Associated with an X-Ray-absorbed
QSO at z = 1.8, Astrophys. J., 604, L17–L20 (2004).
11. Croom, S.M., et al. The 2dF QSO Redshift Survey –
XII. The spectroscopic catalogue and luminosity function,
Mon. Not. R. Astron. Soc., 349, 1397–1418 (2004).
12. Alexander, D.M., et al. The Chandra Deep Field North
Survey. XIV. X-Ray-Detected Obscured AGNs and Star-
burst Galaxies in the Bright Submillimeter Source Popu-
lation, Astron. J., 125, 383–397 (2003).
13. Ivison, R.J., et al. Spitzer observations of MAMBO galax-
ies: weeding out active nuclei in starbursting proto-
ellipticals, Astrophys. J. Suppl., 154, 124–129 (2004).
4Table 1. The Properties of the X-ray Classified AGNs
S850µm log(LX) log(LBOL)
dM
dt
MBH(Edd) X-ray Observation
SMG name (mJy) z (erg s−1) (L⊙) (M⊙ yr
−1) (107 M⊙) Obscuration? Mode?
123549.4 +621536 8.3±2.5 2.20 44.0 12.9 0.28+0.57
−0.19 1.3
+2.6
−0.9 Y T
123555.1 +620901 5.4±1.9 1.88 44.4 13.2 0.80+1.60
−0.53 3.6
+7.3
−2.4 Y T
123606.7 +621550 4.4±1.4 2.42 43.8 12.6 0.21+0.42
−0.14 1.0
+1.9
−0.6 N M
123606.8 +621021 11.6±3.5 2.51 43.7 13.1 0.15+0.31
−0.10 0.7
+1.4
−0.5 Y T
123616.1 +621513 5.8±1.1 2.58 43.7 13.0 0.16+0.33
−0.11 0.7
+1.5
−0.5 Y T
123622.6 +621629 7.7±1.3 2.47 44.0 13.1 0.35+0.70
−0.23 1.6
+3.2
−1.1 Y T
123629.1 +621045 5.0±1.3 1.01 43.2 12.1 0.05+0.09
−0.03 0.2
+0.4
−0.1 Y T
123632.6 +620800 5.5±1.3 1.99 43.9 12.9 0.24+0.47
−0.16 1.1
+2.2
−0.7 Y M
123635.5 +621424 5.5±1.4 2.01 44.0 12.9 0.30+0.60
−0.20 1.4
+2.7
−0.9 Y T
123636.7 +621156 7.0±2.1 0.56 42.7 11.1 0.02+0.03
−0.01 0.1
+0.1
−0.1 N M
123707.2 +621408 4.7±1.5 2.48 43.8 12.9 0.18+0.36
−0.12 0.8
+1.6
−0.5 Y T
123711.9 +621325 4.2±1.4 1.99 43.6 12.7 0.13+0.25
−0.08 0.6
+1.2
−0.4 Y T
123712.0 +621212 8.0±1.8 2.91 43.4 12.7 0.09+0.17
−0.06 0.4
+0.8
−0.3 Y M
123716.0 +620323 5.3±1.7 2.04 44.3 13.0 0.67+1.33
−0.44 3.0
+6.1
−2.0 Y T
123721.8 +621035 12.0±3.9 0.98 43.7 11.7 0.16+0.31
−0.10 0.7
+1.4
−0.5 Y M
Notes. — SMG name, submillimetre flux density (S850µm), redshift (z), and total bolometric luminosity (LBOL) are taken from ref
9. Unobscured rest-frame 0.5–8.0 keV luminosity (LX), and the presence of X-ray obscuration (NH > 10
22 cm−2) are taken from ref
19. The observation mode refers to whether the source was specifically targeted with a SCUBA observation (“T”) or whether the source
was detected in a blank-field SCUBA map (“M”): 10 of the AGNs were identified in targeted SCUBA observations and 5 of the AGNs
were identified in blank-field SCUBA maps. The mass accretion rate (dM/dt) is estimated by converting the X-ray luminosity to the
AGN bolometric luminosity, under the assumption that the X-ray luminosity accounts for 6+12−4 % of the bolometric luminosity of the
AGN (i.e., the range in conversion factors found in ref 20). Although our assumed bolometric conversion factors were originally derived
from unobscured AGNs, while the majority of the AGNs in our sample are obscured, the important issue is the relationship between the
intrinsic X-ray emission and the ultraviolet-optical accretion disk emission, which is unlikely to be obscuration dependent. We also note
that our bolometric conversion factors agree with those estimated for obscured AGNs with similar luminosities (and therefore similar mass
accretion rates) to the sources studied here3,21. When converting from the bolometric luminosity to the accreted mass we assumed the
canonical efficiency of 10% (ǫ = 0.1). The black-hole mass (MBH(Edd)) is calculated from the mass accretion rate under the assumption
that the accretion is Eddington limited; see text for justification. The black-hole masses will be higher if the accretion is sub Eddington;
see text for additional black-hole mass constraints.
14. Greve, T.R., et al. An interferometric CO survey of lumi-
nous submm galaxies, Mon. Not. R. Astron. Soc., in press;
astroph/0503055 (2005).
15. Tecza, M., et al. SPIFFI Observations of the Starburst
SMM J14011+0252: Already Old, Fat, and Rich by z =
2.565, Astrophys. J., 605, L109–L112 (2004).
16. Swinbank, A.M., et al. The rest-frame optical spectra of
SCUBA galaxies, Astrophys. J., 617, 64–80 (2004).
17. Smail, I., Chapman, S.C., Blain, A.W., & Ivison, R.J.
The Rest-Frame Optical Properties of SCUBA Galaxies,
Astrophys. J., 616, 71-85 (2004).
18. Alexander, D.M., et al. The Chandra Deep Field North
Survey. XIII. 2 Ms Point-Source Catalogs, Astron. J., 126,
539–574 (2003).
19. Alexander, D.M., et al. The X-ray Spectral Properties of
SCUBA galaxies, Astrophys. J., submitted.
20. Elvis, M., et al. Atlas of quasar energy distributions, As-
trophys. J. Suppl., 95, 1–68 (1994).
21. Marconi, A., et al. Local supermassive black holes, relics
of active galactic nuclei and the X-ray background, Mon.
Not. R. Astron. Soc., 351, 169–185 (2004).
22. Veilleux, S., Kim, D.-C., & Sanders, D.B. Optical Spec-
troscopy of the IRAS 1 JY Sample of Ultraluminous In-
frared Galaxies, Astrophys. J., 522, 113–138 (1999).
23. Steidel, C.C., et al. A Survey of Star-forming Galaxies in
the 1.4 < z < 2.5 Redshift Desert: Overview, Astrophys.
J., 604, 534–550 (2004).
24. Fadda, D., et al., The AGN contribution to mid-infrared
surveys. X-ray counterparts of the mid-IR sources in the
Lockman Hole and HDF-N, Astron. Astrophys., 383, 838–
853 (2002).
25. Fabian, A.C. The obscured growth of massive black holes,
Mon. Not. R. Astron. Soc., 308, L39–L43 (1999).
526. Archibald, E.N., et al. Coupled spheroid and black hole
formation, and the multifrequency detectability of active
galactic nuclei and submillimetre sources, Mon. Not. R.
Astron. Soc., 336, 353–362 (2002).
27. Granato, G.L., De Zotti, G., Silva, L., Bressan, A., &
Danese, L. A Physical Model for the Coevolution of QSOs
and Their Spheroidal Hosts, Astrophys. J., 600, 580–594
(2004).
28. Dunlop, J.S., McLure, R.J., Kukula, M.J., Baum, S.A.,
O’ Dea, C.P., & Hughes, D.H. Quasars, their host galaxies
and their central black holes, Mon. Not. R. Astron. Soc.,
340, 1095–1135 (2003).
29. Conselice, C.J., Chapman, S.C., & Windhorst, R.A. Evi-
dence for a Major Merger Origin of High-Redshift Submil-
limeter Galaxies, Astrophys. J., 596, L5–L8 (2003).
30. Springel, V., Di Matteo, T., & Hernquist, L. Black holes
in galaxy mergers: the formation of red elliptical galaxies,
Astrophys. J., 620, L79–L82 (2005).
Acknowledgements. We are grateful to Ross McLure, Matt
Page, Francesco Shankar, and Qingjuan Yu for providing im-
portant data and useful scientific insight. We thank the Royal
Society (DMA; IS), PPARC (FEB), and NASA (SCC; WNB)
for support. Data presented herein were obtained using the
W.M. Keck Observatory, which is operated as a scientific
partnership among Caltech, the University of California and
NASA.
Competing interests statement. The authors declare that
they have no competing financial interests.
Correspondence and requests for materials should be ad-
dressed to DMA. (e-mail: dma@ast.cam.ac.uk).
